[1] Spontaneous, counter-current imbibition (SI) is a key mechanism in many multiphase flow processes, such as cleanup of nonaqueous phase liquids (NAPLs), bioremediation, or CO 2 storage. For interpreting and upscaling laboratory SI data, and modeling and prediction purposes, scaling groups are an essential tool. The question of how to formulate a general scaling group has been debated for over 90 years. Here we propose the first scaling group that incorporates the influence of all parameters on SI that are present in the two-phase Darcy model. The group is derived rigorously from the only known exact analytical solution for spontaneous imbibition by relating the cumulative water phase imbibed to the normalized pore volume. We show the validity of the group by applying it to 42 published SI studies for water-oil and water-air experiments, for a wide range of viscosity ratios, different materials, different initial water saturations, and different length-scales. In all cases, water was the wetting phase. Our group serves as a ''master equation'' whose generality allows the rigorous prediction of the validity of a large number of specialized scaling groups proposed during the last 90 years. Furthermore, our results give strong evidence that the Darcy model is suitable for describing SI, and that including dynamic effects in capillary pressure is not necessary for counter-current SI, contrary to what has been hypothesized. Two key applications of the group are discussed: First, the group can serve as the long sought after general transfer rate for imbibition used in dual-porosity models. Second, it is the so far missing proportionality constant in imbibition-germination models for plant seeds.
Introduction
[2] Spontaneous imbibition (SI) (Figure 1 ) occurs if a wetting fluid (like water or brine) spontaneously enters a porous medium, and displaces a nonwetting fluid (like oil, air, nonaqueous phase liquids (NAPL), or CO 2 ), driven by capillary forces only. It is a process that is of crucial importance for many processes ranging from groundwater contamination by NAPL transport [Brusseau, 1992] , CO 2 storage by capillary trapping [Bickle, 2009; Juanes et al., 2006; Pentland et al., 2011] , steam migration in highenthalpy geothermal systems [Li and Horne, 2009] , the mechanical stability and distribution of gas-hydrate bearing sediments [Clennell et al., 1999; Anderson et al., 2009] , trapping of CO 2 in coal seems and generation of methane [Chaturvedi et al., 2009] , improved oil recovery from the world's largest remaining oil reserves [Morrow and Mason, 2001] , evaluating the wettability of a rock [Jadhunandan and Morrow, 1991; Marmur, 2003] and even many other processes not linked with hydrogeological applications at all [Alava et al., 2004; Finch-Savage et al., 2005] .
[3] The advancing displacement front of the wetting phase during SI shows some ''roughness'' due heterogeneities at the pore scale. While it is well known from statistical physics [Alava et al., 2004] that the averaged position of the rough displacement front and the recovery R of the displaced fluid scales with ffi ffi t p in time, as predicted by the Lucas-Washburn equation [Lucas, 1918; Washburn, 1921] , the properties of this scaling are still unknown.
[4] Scaling groups are used to characterize the influence of key parameters on SI other than time, and are essential in any context where SI needs to be understood and described. For example, they are a central tool for interpretation of laboratory data and upscaling them to field conditions [Morrow and Mason, 2001] , they lie at the heart of modeling and simulating multiphase flow in different scenarios like flow in heterogeneous, fractured aquifers and reservoirs [Barenblatt et al., 1960; Warren and Root, 1963; Di Donato and Blunt, 2004] , water uptake in plant seeds [Finch-Savage et al., 2005] , or are needed as a starting point for evaluating the feasibility of water injection in highenthalpy geothermal reservoirs [Li and Horne, 2009] . Despite this immense practical importance, however, and although the research on SI and scaling groups spans more than 90 years [Lucas, 1918; Washburn, 1921] , not even apparently simple questions-like that of the influence of viscosity ratios on SI-have been resolved satisfactorily because of the strong nonlinearities in the capillary-hydraulic properties [Morrow and Mason, 2001; Marmur, 2003; Mason et al., 2010] .
[5] Scaling groups for SI in realistic porous media (Table 1) have been derived mainly in two ways. Either a curve was fitted against a large body of experimental data and a single parameter was varied to analyze its influence, or simplifying assumptions on the form of the hydraulic diffusivity function in Darcy's equation [Gummerson et al., 1979; McWhorter and Sunada, 1990; Schmid et al., 2011] (Table 2) were employed from which new specialized analytical solutions were derived that then served as basis for introducing specific scaling groups. Both approaches yield groups whose applicability is strongly restricted. On the one hand, a general theoretical understanding on why a certain group works and when it would fail is left unanswered. On the other hand, the incorporation of three key aspects into scaling groups remains open, which play a central role in many practical applications.
[6] First, the mobility of the fluids is governed by the relative permeability of one phase to the other and is weighted by their respective viscosities. It is unclear [Morrow and Mason, 2001; Mason et al., 2010] how this weighting should depend on the viscosity ratio such that in the limit of an inviscid nonwetting phase the Lucas-Washburn equation is obtained [Lucas, 1918; Washburn, 1921] , and how a single relative permeability value should be chosen such that it characterizes the strong nonlinear dependence on the wetting phase volume fraction over the whole saturation range (Figure 2 ).
[7] Second, if the porous medium initially contains a wetting phase, competition occurs between the low capillary pressure force and the high phase mobilities (Figure 2 ) Figure 1 . Schematic representation of countercurrent SI. The water phase is imbibed from the left and the oil phase moves into opposite direction. If an analytical solution for the saturation profile S w ðx; tÞ is known, then the analytical expression for the cumulative water imbibed Q w ðtÞ (shaded region) can be related to the effective pore volume Á L c to obtain a scaling group as 
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Characteristic values are denoted by ðÞ Ã . It is now apparent, how previous authors (unknowingly) have derived successively better expressions for t d by giving approximations to the integral in equation (3). A specific t d will give a good scaling if c is the same for the different data sets, and thus c can be used to predict the validity of a special scaling group (Figure 4) . [Parrish and Leopold, 1977; Morrow and Mason, 2001] . So far, this effect has only been characterized for cases where the ratio of nonwetting to wetting phase viscosity is close to one, and if the capillary pressure and the wetting behavior can be characterized by a single value [Li and Horne, 2006] which is unlikely in realistic porous media [Valvatne and Blunt, 2004] (Figure 2 ).
[8] Third, capillary pressure curves and the phase mobilities not only depend on the fluids, but also on the geometry of the pore structure, and thus are different for different materials [Valvatne and Blunt, 2004] (Figure 2 ). Up to now, however, scaling groups try to characterize the influence of capillary pressure and wetting by some single value that is representative of the entire porous medium [Tavassoli et al., 2005a; Li and Horne, 2006; Marmur, 2003] .
[9] In addition to these three practical issues, the very theoretical framework for describing SI has been the center of debate in physics and engineering. It has been proposed that the classical Darcy approach [Bear, 1972] is unsuitable for SI and should be replaced by a model that incorporates dynamic changes in capillary pressure (for recent overviews, see Hall [2007] , Bottero et al. [2011] , Goel and O'Carroll [2011] , Manthey et al. [2008] ).
[10] In the following, for the first time all three practical aspects will be accounted for. We also discuss the validity of the classical Darcy description for describing SI.
[11] The remainder of our paper is structured as follows: First, the problem formulation and an exact analytical solution for countercurrent imbibition are introduced. Until recently [Schmid et al., 2011] , the derivations of analytical solutions for capillary dominated two-phase flow has been the matter of intensive research (Table 2) . We rigorously derive our scaling group from the only known general analytical solution for imbibition [Schmid et al., 2011; McWhorter and Sunada, 1990] , which can be viewed as the capillary counterpart to the Buckley-Leverett solution for viscous dominated flow [Buckley and Leverett, 1942] . No assumptions other than those needed for Darcys model are made. No fitting parameters are introduced. In section 3.1 we show the validity of our scaling group by correlating 42 published imbibition studies that vary all key parameters, namely material and capillary-hydraulic properties, viscosity ratios, initial water saturation, and characteristic lengths (Table 3 ). We then show that our group is a ''master equation'' for scaling SI, which contains many of the previously defined groups as special cases (Table 1) , and demonstrate how the generality of our approach allows the prediction of the validity range of specialized groups (Table 1) . This is the first predictive theory for evaluating scaling groups. We also will give strong evidence that the classical Darcy description for SI is appropriate. The paper is finished with some conclusions.
Model Formulation, Exact Solution and the Universal Scaling Group

Problem Formulation
[12] Conservation of mass for two immiscible, incompressible phases at constant temperature through a homogeneous, one-dimensional, rigid, horizontal, i.e., gravity is absent, porous medium leads to the following equation [Bear, 1972] @S
where S w is the water phase saturation, S n is the nonaqueous phase saturation, and is the porosity. We assume that the volume flux of the wetting and nonwetting phase, q w and q o , respectively, can be described by the extended Darcy equation [Muskat, 1949] , which describes the volume flux due to a gradient in the phase pressures p w and p nw :
Here K is the absolute permeability, w is the viscosity of the wetting phase, n is the viscosity of the nonwetting phase, and k rn and k rw are the relative permeability of the nonwetting phase and the wetting phase, respectively. The relative permeabilities describe the impairment of the one fluid phase by the other. We furthermore assume that the two-phase pressures p w and p nw are related through the Existence of an equivalent constant capillary diffusion coefficient Ruth et al. [2007] Self-similarity behaves according to to specific functional form Cil and Reis [1996] , Reis and Cil [1993] Linear capillary pressure, i.e., dp c dx Rasmussen and Civan [1998] , Civan and Rasmussen [2001] Asymptotic approximation of laplace transformation for S w Zimmerman and Bodvarsson [1991] Piecewise linear S w profile a To resolve the influence of capillarity, all of them need to employ additional, nonessential assumptions that restrict their applicability. On contrary, it can be shown [Schmid et al., 2011] that the solution given in the work of McWhorter and Sunada [1990] is general. It can be viewed as the BuckleyLeverett analog for countercurrent SI (see section 2.2). This makes the derivation of further specific solutions unnecessary.
capillary pressure p c ¼ p nw À p w [Bear, 1972] . Combining equations (1) and (2), we obtain [Bear, 1972] @S w @t
where q t ¼ q w þ q nw . One can rewrite q w as an expression of the total volume flux [McWhorter and Sunada, 1990] 
[13] We consider the boundary and initial conditions
[14] The functions f ðS w Þ and DðS w Þ are defined as
; DðS w Þ ¼ ÀK k rn f n dp c dS w :
Figure 2. Capillary-hydraulic properties versus saturation. Capillary-hydraulic properties of Berea sandstone and a synthetic porous material (blue) [Valvatne and Blunt, 2004 ] from pore-scale predictions, a history match that assumes a Darcy model for sandstone (cyan) [Bourbiaux and Kalaydjian, 1990] , and a non-Darcy-model [Schembre and Kovscek, 2006] Here, f is the fractional flow function without the influence of capillary pressure, and DðS w Þ can be thought of as a capillary dispersion coefficient of the fluid phases.
[15] In countercurrent SI, the two phases flow into opposite directions, i.e., q w ¼ Àq nw (Figure 1 ), which reduces equation (3) to the nonlinear dispersion equation
In the following we will only investigate countercurrent SI, and for simplicity denote it as SI. Solutions to equations of the dispersion type show self-similar behavior according to S w / x ffi ffi t p , i.e., S w can be written in terms of the self-similar and Sunada, 1990] . There has been a considerable debate in the literature (for recent reviews see, e.g., Alava et al. [2004] , Cai and Yu [2011], Hall [2007] ) as to when the ffi ffi t p scaling first proposed by Lucas [1918] and Washburn [1921] for describing countercurrent imbibition holds. Published experimental data strongly suggests that deviations from this scaling in time only occur for cases where either the porous medium was not rigid (e.g., imbibition into paper, textiles, or rock samples with clay inclusions) [Alava et al., 2004; Cai and Yu, 2011; Hall, 2007] , or gravity and evaporation played a role, which leads to pinning of the wetting fronts (e.g., [Alava et al., 2004; Delker et al., 1996; Dubé et al., 2001] ). Thus, assuming a ffi ffi t p scaling is reasonable. Hamon and Vidal [1986] were performed on a synthetic porous material, and Zhou et al. [2002] used a diatomite rock was used. For all the experiments, the wetting-phase was water. For all experiments reported for the first five groups of samples, the nonwetting phase was oil; for the ones reported in the work of Babadagli and Hatiboglu [2007] the nonwetting phase was air.
[16] Closely related to this, is the assumption made in equations (1)- (7), where we assumed that k rw ; k ro and p c are unique functions of saturation. Since history effects only occur during a whole imbibition-drainage cycle [Valvatne and Blunt, 2004; Bear, 1972] , this assumption is justified. Even for the case without hysteresis, however, several authors (for recent overviews see e.g., [Goel and O'Carroll, 2011; Bottero et al., 2011; Manthey et al., 2008] ) proposed that the relation p c ðS w Þ ¼ p nw À p w is not sufficient, and should additionally take the rate of change in saturation @S w =@t into account. Allowing for this additional dependence leads to a pseudoparabolic partial differential equation instead of equation (7) whose solutions would also deviate from the ffi ffi t p dependence [Spayd and Shearer, 2011; Hulshof and King, 1998 ] the more important dynamic effects become. As we will discuss in section 3.3, our results strongly indicate that the inclusion of dynamic capillary effects for SI at the core scale is unnecessary.
Exact Analytical Solution for Si and the Definition of a Universal Scaling Group
[17] If an analytical solution to equation (7) is known, a general scaling group can immediately be derived from these analytical expressions (Figure 1 ). In section 2.2 we therefore shortly review known analytical solutions for capillary dominated two-phase flow, and describe an exact analytical solution to equation (7) together with (5). The exact solution is solely based on the assumptions made in section 2.1. It can be viewed [Schmid et al., 2011] as the capillary analog to the Buckley-Leverett solution for viscous dominated flow [Buckley and Leverett, 1942] .
[18] While an analytical solution to equation (3) for unidirectional, viscous dominated flow has long been known [Buckley and Leverett, 1942] , the counterpart for capillarydominated flow, equation (7), has been missing, and the derivation of solutions for capillary dominated two-phase flow stayed to be the matter of ongoing intensive research over the last decades ( Table 2 ). The various solutions obtained in the last decade fall into two categories : In the first category, additional assumptions on equation (7) are made, for example a specific functional forms of DðS w Þ (Table 2 ). In the second category [McWhorter and Sunada, 1990] , no additional assumptions on the physics or DðS w Þ are made. Instead, an additional boundary condition is imposed that specifies the inflow as q w ðx ¼ 0; tÞ ¼ At
À1=2
where A is a parameter that cannot be chosen freely, but depends on the characteristics of the fluid-rock system according to [McWhorter and Sunada, 1990 ]
and is related to the cumulative water imbibed (Figure 1 ) by
FðS w Þ is the fractional flow function for countercurrent SI, i.e., it can be viewed as the capillary counterpart to f ðS w Þ employed in the Buckley-Leverett solution [Buckley Figure 3 . Fractional flow functions f (ÀÀ) without capillarity and its capillary counterpart F (À) versus saturation. The three cases are for pore-scale predicted [Valvatne and Blunt, 2004] capillary pressure and relative permeability functions for Berea sandstone and a synthetic porous material (blue) and parameter set AA01, a history match that assumes a Darcy model for sandstone (cyan) [Bourbiaux and Kalaydjian, 1990] and parameter set GVB-3, and a non-Darcy-model [Schembre and Kovscek, 2006] for diatomite (red) and parameter set Z-2. The parameter sets are listed in Table 3 , and the capillary pressure and relative permeability functions are shown in Figure 2 . and Leverett, 1942] (Figure 3) , and is given by the nonlinear equation
Together with A and its derivative F 0 , the analytical solution for equation (7) with (5) and the condition on q w ð0; tÞ can then be written as [McWhorter and Sunada, 1990] 
The inflow condition q w ð0; tÞ ¼ At À1=2 is the one McWhorter and Sunada [1990] and subsequent authors worked with, so that at first the solution (11) seems like just another specific one. However, it can easily be shown [Schmid et al., 2011] 
is exactly such that q w ð0; tÞ ¼ ÀDðS 0 Þ @S w @x jx ¼ 0. This follows from equation (4) q w ðx ¼ 0;
Consequently, A does not describe forced imbibition, but rather is such that the inflow q w ð0; tÞ occurs spontaneously into the porous medium because of the saturation gradients at the boundary and the resulting gradients in capillary pressure only. Thus, the boundary condition on q w ð0; tÞ is redundant, and equation (11) describes the standard situation found in the laboratory. Any further derivations of analytical solutions (Table 2) for the countercurrent case seem unnecessary [Schmid et al., 2011] .
[19] Equation (11) can be used to introduce a scaling group that incorporates all the information present in the two-phase Darcy equation. To derive a scaling group from equation (11), we first normalize x by the characteristic length L c through x=L c where [Ma et al., 1997] 
V b is the bulk volume of the matrix, A i the area open to imbibition with respect to the ith direction, and l A i is the distance that the imbibition front travels from the imbibition face to the no-flow boundary. L c thus compensates for different experimental boundary conditions, i.e., for which sides of a rock sample are sealed in the experiment, and which are open to flow. L c also has the physical interpretation of quantifying the length a wetting front can travel without meeting a boundary or another imbibition front [Ma et al., 1997] . While the question of how to incorporate the influence of viscosity ratios, wettability information, and so forth into scaling groups remains open, the correct incorporation of different experimental boundary conditions with the help of L c has been confirmed [Ma et al., 1997; Zhang et al., 1996] .
[20] Although the solutions have been derived for an infinite medium according to the initial condition (5), the x profile for any time 0 t < 1 has a finite extend (Figure 1) . Thus, the solution is valid in a finite matrix block as long as the wetting front has not reached the end of the block and has not interferred with other wetting fronts invading from other areas A i . The time t Ã when the solutions stop to be valid in a finite matrix block of characteristic length L c can hence be obtained from setting xðS wi ; t Ã Þ ¼ L c which yields
For any 0 < t < t Ã the profiles are given by (11), and Q w is given by (9). In Figure 4 we show the analytical solution for Q w versus the dimensionless time defined below for the data set where the sample-specific capillary-hydraulic properties are known (violet squares in Figure 4 , data set GVB-3 in Table 3 ). For early times, the analytical prediction is in good agreement with the data, but for late times it fails to predict the slow down in recovery. This is because for t > t Ã , the end of the block or another wetting front influences the saturation profile, and equations (11) and (9) are no longer valid.
[21] We now use that Q w ðtÞ can be calculated explicitly by equation (9), and define a scaling group based on the cumulative wetting phase imbibed at any given t and the normalized pore volume in 1-D, Á L c (Figure 1 )
Thus, t d rigorously incorporates all the parameters present in the two-phase Darcy formulation, and c can be thought of as a characteristic time that quantifies both the influence of the capillary-hydraulic properties and the physical dimensions. We note, that this approach is fundamentally different from dimensionless groups that try to predict parameters like S or from dimensionless groups [e.g., Anton and Hilfer, 1999] . We next show the validity of t d by correlating 42 published experiments, and comparing t d to the often used group by Ma et al. [1997] . Also, t d can be used as a theoretical tool to assess the validity of a conventional Darcy description of SI. The good correlation obtained in Figure 4 shows that t d is the general scaling group for SI, and forms the so far missing center piece for upscaling, modeling and simulating diverse systems, where SI plays a role. We then show how t d is central for two key applications, namely, fracture flow modeling and imbibition-germination modeling in plant seeds.
Results
Validity of the Universal Scaling Group
[22] To demonstrate the validity of the proposed scaling group equation (15), we correlated the results of 42 published SI experiments with t d (Figure 4 ). In the experiments the recovery R of the nonwetting phase was measured over time, and we correlated the physical time with t d . The experimental data sets were chosen such that the three central open aspects of scaling groups-a wide range of viscosity ratios with the special case of n tending toward zero, the presence of an initial wetting phase, and different capillaryhydraulic properties-are covered. The experiments were performed on three different porous materials, a synthetic porous medium, Berea sandstone, and diatomite (Figure 2) , a wide range of nonwetting phase to wetting phase viscosity ratios (0:008 nw = w 64), initial water content (0% S 0 40%), characteristic length-scales (0:54 cm L c 40 cm), and water potential (18% 1 À S 0 À S nr [Ma et al., 1997] (Table 1) . But the scaling does not result in the collapse of the data onto a single curve. The scaling group can only give a good correlation if the proportionality constant c (Table 1) is similar for the different data sets which is not the case here. (b) Scaling of the experimental data with our proposed nondimensionless time
The data falls onto a curve with little scatter, independent of the material and/or fluid characteristics. This indicates that the Darcy model is suitable for characterizing SI. The analytical solution is valid as long as the dimensionless time satisfies
To correlate the behavior for the whole time range, an exponential model [Aronofsky et al., 1958] is used. 70%, where S nr is the residual saturation of the nonwetting phase). The wetting phase was water and the nonwetting phase oil or air. Table 3 lists all experimental conditions.
[23] We note that while the experiments considered here are for different capillary-hydraulic properties, they all show strongly water-wet behavior, i.e., p c > 0 over the whole saturation range (Figure 2) . The analytical solution given in equation (11) has been derived for boundary conditions, that are not suitable for treating mixed-wet systems, i.e., for systems where p c < 0 for some S w < 1 À S nr [Morrow and Mason, 2001] . How to modify the analytical solution, equation (2), for the mixed-wet case is currently investigated.
[24] For comparison, we also correlated the data with one of the most commonly used scaling groups ( Figure 4) ; the improvement is significant and immediately apparent. Equation (15) reduces the maximal horizontal scatter (i.e., the one for a fixed recovery rate) from a factor of greater than 100 down to approximately 5, and the maximal vertical scatter (i.e., the one for a fixed t d ) from approximately 0.8 to 0.3. This is a remarkably good result given the widely different experimental conditions and thus experimental noise.
[25] To further improve the scaling, one should use the capillary-hydraulic properties for the specific sample when calculating t d . Most data sets available in the literature only report SI measurements or ðk rw ; k rn Þ relationships, or p c curves. In order to calculate t d we therefore assumed that the ðk rw ; k rn ; p c Þ sets measured for a certain rock type are representative for a given material, see section 3.3. It is also interesting to note, that the data in Figure 4 scatters around the curve given by the analytical solution that has been calculated for data where the sample-specific capillary-hydraulic properties are known. It is not clear, whether this is true only for particular data sets, or shows that the analytical solution is a master curve for early times on which all data would collapse if better predictions for the capillary-hydraulic properties were known. One would have to calculate the analytical prediction for more data sets where the sample specific properties are known. As we explained, however, complete data sets are rare.
Prediction of the Validity of Specialized Groups
[26] The Lucas-Washburn correlation together with some of the previously defined scaling groups are listed in Table 1 . Previous scaling groups are related to our scaling group through a proportionality factor c. Since our group is the general one, explicit expressions for c can be derived. It is now apparent that previous authors (unknowingly) derived successively better approximations to the integral in equation (8), making the proportionality constant c increasingly simple. Many of the previously derived t d can be obtained from simple back-of-the-envelope calculations as special cases of equation (15).
[27] Equation (15) can also be used to derive new scaling groups that are tailored for a specific SI system by using an approximation for A that is appropriate for that specific case. The ability of such a special t d to correlate a set of experiments depends on the similarity of c for the individual data sets, and thus allows for a rigorous prediction of their validity and a judgment as to which parameters are negligible. This property can be used to derive the validity of some of the phenomenologically derived groups like that of [Ma et al., 1997] (Table 1, Figure 4) . The scaling group in Figure 4 can only give a good correlation if the proportionality constant c (Table 1) is similar for the different data sets. This is the case for some of the SI experiments on sandstone (blue asterisk in Figure 4 ) and the synthetic material (blue plus in Figure 4 ) from which Ma et al. [1997] derived the correlation phenomenologically. Here, the viscosity ratio is approximately one, the initial fluid content is similar and the capillary hydraulic properties were the same. These conditions result in similar functional form of F, similar integral boundaries, and the same integrand for c, respectively. Depending on which assumption is violated, five subgroups different from the (blue asterisk and plus)-curve emerge : The subgroup for (1) different S 0 , different capillary-hydraulic properties (diatomite with (2) high and (3) low nw = w ), (4) sandstone with strongly varying nw = w , and (5) sandstone containing gas, i.e., a nonwetting phase with neglectable nw .
Do We Need Dynamic Effects in p c to Model Si?
[28] While the main part of this paper is dedicated to derive the first scaling group that rigorously includes all the information given in the standard Darcy formulation, the validity of t d for such a wide range of data sets also has theoretical implications : It strongly indicates that a functional relationship for p c which additionally includes dynamic effects is not necessary for describing SI at the core scale.
[29] In the foregoing analysis, it was assumed that p c is a unique function of S w only. Recently, the dependence of p c on S w only has been questioned by several authors (for recent overviews see, e.g., Goel and O'Carroll [2011] , Bottero et al. [2011] , Manthey et al. [2008] ), and it has been proposed that an additional dependence on Á @S w =@t should be included, where is a proportionality factor that possibly depends on material characteristics, the fluid saturations, and the length scale. Some authors ( [Barenblatt et al., 2003; Le Guen and Kovscek, 2006] ; for a recent overview see Hall [2007] ) argue that nonequlibrium effects are especially important for the case of countercurrent SI due to the filling process of the pores by the wetting fluid. Several models have been proposed to incorporate this dynamic effect. For example Hassanizadeh and Gray [1990] and Kalaydjian [1992] consider the linearized form
Obviously, determines the importance of the dynamic effects, and while it is known that can vary over several orders of magnitude [Manthey et al., 2008] , the functional dependence of , and when/if dynamic effects have to be considered, remains unclear. Thus, recent work has tried to shed light on the exact dependence of , to resolve the in part conflicting results for different models, and provide the often missing experimental confirmation for the theoretical considerations [Goel and O'Carroll, 2011] . In this context, the scaling group t d can be used to measure the validity of the standard formulation for p c for describing SI. If dynamic effects are not negligible, this has two consequences for the scaling with t d .
[30] First, the incorporation of the saturation change makes equation (7) pseudoparabolic whose solutions would deviate from the ffi ffi t p dependence [Spayd and Shearer, 2011; Hulshof and King, 1998 ] the more important dynamic effects become. Consequently, the ffi ffi t p given through t d as such should fail. As we have outlined in section 2.1, the experimental evidence for a ffi ffi t p scaling-as long as the assumptions of a rigid, homogeneous porous medium, negligible gravity, and no evaporation are valid-is overwhelming. What is more important, however, is the fact that the data sets we chose vary all the key parameters. If dynamic effects played any role, one would expect that at least one data set significantly diverges from the ffi ffi t p scaling. We do not observe this.
[31] Second, if really depends on material properties as has been suggested, then the wide parameter variation of the data sets we use should also lead to a wider horizontal spread in Figure 4 . As the scaling with t d;Ma has shown, failing to account for relevant parameters results in the emergence of different subgroups for the different data sets. While the maximal horizontal scatter for t d (Figure 4) is still around 5, the reported values for vary several orders of magnitude [Manthey et al., 2008] . Thus, if dynamic effects matter for SI at the core scale, one should obtain a significantly worse horizontal spread. We also note here, that although we speak of length scales typical for the core scale, we chose data sets where L c varies by almost an order of magnitude (Table 3) . Thus, if depended on the length scales as has been suggested [Bottero et al., 2011] , this also should result in a wider horizontal spread.
[32] To rigorously test the second part, the method used for calculating the capillary-hydraulic properties in A must not presume the validity of the standard Darcy equation. It is common practice [Gummerson et al., 1979] , to obtain k rw ; k rn , and p c from solving an inverse problem that assumes the validity of the standard Darcy equation. Obviously, if all the capillary-hydraulic relationships in the sample data set were obtained this way, then t d defined in equation (2) would give an excellent correlation, since it is based on an exact solution of Darcy's equation, and the constitutive relations would have been determined to fit the data set, possibly hiding the missing of . The question whether the standard Darcy model without dynamic p c relations model is applicable for capillary flow would thus be bypassed. For the experiments performed on Berea sandstone and the synthetic porous medium, we therefore use pore-scale predictions of the relative permeabilities and the capillary pressure [Valvatne and Blunt, 2004] (Figure 2) , rather than modeling ðk rw ; k rn ; p c Þ through inverse simulation of experimental data.
[33] For the synthetic material, only k rw and k rn have been measured. However, the curves closely resemble that for the sandstone, which indicates that the two materials have a similar pore structure. Therefore the pore-scale predictions made for the sandstone sample were used. For the water-air experiments on sandstone, the measured and pore-scale predicted k rw and k rn were similar to that of the water-oil system [Valvatne and Blunt, 2004] . Hence, we used the same ðk rw ; k rn ; p c Þ set as for the water-oil system. To account for effects of K and surface tensions , we used a Leverett J scaling [Bear, 1972] 
where S Ã w ¼ ðS w À S wr Þ=ð1 À S or À S wr Þ is the normalized saturation, and S wr is the residual water phase. We note again, that we used the same ðk rw ; k rn ; J Þ set for a certain material, rather than direct measurements for the specific sample. To further reduce the scatter, sample specific relations should be used. For comparison with the pore-scale predicted relations, the capillary-hydraulic properties obtained from a standard Darcy and a history match that includes a dynamic p c were used for some of the sandstone experiments and the diatomite experiments, respectively. For the general scaling t d , the data sets collapses onto a curve with little scatter (Figure 4) showing that the behavior is well characterized by t d . Since t d contains all the information present in the Darcy model, and its validity has not been assumed to calculate the capillary-hydraulic properties in A, this strongly indicates that the Darcy model is suitable for characterizing and modeling SI at the core scale. It is important to point out, that for viscous or gravity dominated flow the rate of change in saturation would be higher, and therefore the influence of nonequilibrium effects might not be negligible any more.
Applications of the Universal Scaling Group
[34] In addition to the theoretical insight t d yields as to whether Darcy's model is applicable, in an SI application it is often desirable to describe the influence of certain parameters under certain conditions to optimize the system. If the assumptions for Darcy's equation hold, our scaling group provides a simple, yet rigorous, starting point for optimizing the modeling of any SI system, and strongly reduces the need for lengthy SI laboratory experiments. We give two very different examples, one from modeling fracture flow, the other one from plant science.
[35] Our first application are dual-porosity models where scaling groups build the center piece. Dual-porosity models describe the fluid exchange between a high-permeability or mobile region and a low-permeability, immobile region. The models are often used as field-scale representations of fractured reservoirs and aquifers, by separating the subsurface model into stagnant, low-permeability regions (the rock matrix blocks) and high-permeability regions (the fracture network). A general form for the fluid transfer T between the fracture matrix-or more generally mobileimmobile-regions that fully accounts for heterogeneities in wettabilities and phase mobilities has been a long-standing question [Barenblatt et al., 1960; Warren and Root, 1963] . To predict the shape of the correlated data over the whole time range, the analytical solutions for xðS w ; tÞ and Q w ðtÞ presented in section 2.2 cannot be used since they are only valid as long as t < t Ã . Thus, instead of predicting the s shape of the correlated data (Figure 4) , they instead would predict that Q w increases indefinitely. Therefore, to fit the data we instead use an exponential model Aronofsky et al., 1958] with % 70. Since the transfer T between fracture and matrix satisfies T ¼ dR dt , it follows that T ðRÞ ¼ c ð1 À RÞ. Furthermore, as A contains all the information about the capillaryhydraulic properties and the initial fluid content, but is independent of L c , it shows the influence of the porous structure and fluid characteristics on SI. For sandstone with water as the wetting phase and oil as the nonwetting phase ( n = w ¼ 39; S wi ¼ 0), we found A % 7 Â 10 À6 m= ffiffi s p , while for diatomite (with n = w ¼ 25; S wi ¼ 0) we found A % 1:5 Â 10 À5 m= ffiffi s p , i.e., the fluxes Q w ðtÞ differ by an order of magnitude. This shows that geological heterogeneity present in the subsurface can give rise to widely different time scales, independent of different length scales or fluid viscosities. The coefficient A can be used to rigorously capture this behavior through a multirate model [Di Donato et al., 2007; Haggerty and Gorelick, 1995] .
[36] The second example considers imbibition damage during water uptake in porous plant seeds. The transient behavior of the SI process is crucial for the field emergence of commercial seeds, and determining favorable conditions for SI with the help of coupled imbibition-germination models is of great practical interest [Finch-Savage et al., 2005] . In imbibition-germination models, the water content in a seed is estimated from an imbibition model. The soobtained value for the water content is then used to calculate the germination time, i.e., the time until the seed starts growing. For these models, the product ¼ c is an explicit expression for the proportionality constant used in coupled imbibition-germination models [Finch-Savage et al., 2005] . Contrary to the phenomenologically derived constant however, can be used for example to predict how the seedimbibition depends on L c and thus on seed size without the need to perform the lengthy and difficult laboratory experiments on plant seeds that up to now have been necessary.
Conclusions and Outlook
[37] Capturing the influence of key parameters in SI through scaling groups is central for many applications, and the question how to formulate a general group has been open for over 90 years. We derived the first universal scaling group for SI for water-wet rocks that incorporates all the information present in the two-phase Darcy model. Our scaling group was derived rigorously from an exact solution to Darcy's equation for spontaneous imbibition (Table  2) , without the introduction of any fitting parameters by relating the cumulative water phase imbibed to the normalized pore volume. The new scaling group is a ''master equation'' for scaling groups, and contains many of the previously derived scaling groups as special cases (Table 1) . We demonstrated how the generality of our approach allows the prediction of the validity range of specialized groups. We showed the validity of our scaling group by correlating 42 published imbibition studies for water-wet rocks and different materials, a wide range of viscosity ratios, initial water content and characteristic length scales (Table 3) . The correlated data falls onto one curve (Figure 1 ). This strongly indicates that the standard Darcy model is suitable for describing SI, contrary to what recently has been hypothesized. To further improve the scaling, we suggest that the capillary-hydraulic properties for the specific sample for calculating t d should be used, rather than using one set for any sample of a given rock type. For early times, the data in Figure 4 scatters around the curve given by the analytical solution. It is not clear whether this is true only for particular data sets, or shows that the analytical solution is a master curve all data would collapse on for early times if better predictions for the capillary-hydraulic properties were available. This should be further investigated with data sets where the measurements and the sample specific properties are available. Our results are applicable to any situation where SI plays a role and where gravity can be ignored. We provided two key examples where our results can be used. First, we demonstrated how based on t d the first fluid transfer function can be obtained that rigorously captures all the capillary-hydraulic properties in dual-porosity models for fracture flow, and we showed how the constant A is a measure for the subsurface heterogeneity that exists due to differences in pore structure. As a second example, we showed how germination models for plant seeds can easily account for seed size and other key parameters, thus eliminating the necessity of lengthy laboratory experiments.
